The opti cal trans mittance of solids and liquids as well as the molar absorptivity of vari ous chemical species are parameters of fundam eQtal signifi can ce in characterizing these material s. Meaningful transmittance data can be obtained only when the me asurements are performed with well-known accuracy and precision. To perform such measurements, a high accuracy spectrophotometer was designed and assembl ed at NBS , Analytic al Che mi stry Division, and will be described in this paper. This singlebea m in strument is composed of a constant radiation source, a monochromator, a sample carriage, an integrating sph ere-ph otomultiplier asse mbly followed by appropriate electroni cs, and a read out syste m consistin g of a di gital voltm eter and a computer data acqui sition and handling provision. The acc uracy of tra nsmittance measurements is determined by the light-addition principle used in conjunction with a two-aperture arrangement. The spectrophotomete r can be used in manual or automatic modes of ope ration_ A d etailed di sc ussion of the data obtained with thi s instrument, used in both modes, will be prese nted together with its applicati on to th e ce rtification of solid and liquid S tandard Reference Materials for ch ecking the photometric scal es of conventional spectrophotometers.
I. Introduction
Optical tra ns mitta nce is due to an intrinsic prope rty of matte r and c haracte rizes a partic ular tran s pare nt material. Since this para me ter is not known a priori, it mus t be de termined by e xperime ntal procedures_
True transmittance values can be obtain ed only by using acc urate measurin g techniqu es and by taking into consid e ra tion all factors whic h can affect a nd distort the data_I I The opti cal transmitt ance of a solid material incl udes th e reflection losses whi ch occur at th e ai r-soli d int e rface.
The int ernal trans mitt ance is defin ed as th e trans mitt ance of the mate ri al corrected fo r re flec tion losses (2) . This int ern al trans mitt ance can be calculat ed in p rinciple from the trans mittance by usin g the well known Fresnel equ ations (l, pp. 98 to 100).
For collim ated radi ation the r eflectance R, for a mat erial with an ind ex of refraction, n, and an absorptivity , a, at wavele ngt h, A, is given through:
R,= (n, -l)' +nl al. (n,+ l)' +nl al
For a nonabsorbing material and collimated radi ation:
(n,-I )'
R' =(n,+ l) '
For glass, n is approximately 1.5 in the vis ible regio n of the spectrum , and R will be about 4 percent at every air·glass int erface. When noncollim ated radi ation is used :
sin2 (a-fJ h. Rt= sin' (a+ llh fo r pe r pe ndi c ul ar polarized radi ati on, and RII= ' an' (a-/l) ,
, ' an' (a+ ll h for parallel po larize d radiati on, where a and fJ are the angles of in cidence and refracti on, respectively.
In collimated radiation and in air , a= tJ = O and RJ.= RII= R.
Trans mittance is the ratio of two radiation flux inte nsities _ It is the refore necessary that the photometri c scale of the spectrophotometer used to perform the me as ure me nts be accurate _ The trans mittan ce of a partic ular material is also a fun ction of wavele ngth; he nce the wavele ngth scale of the monochromator should also be accurate, and appropriate s pectral bandpasses should be use d_ The me asure me nts should be made using collimated radiations_ Such radiations define unambiguously the actual path le ngth through the transmitting medium, the reflection losses, and eliminate the effects of polarized radiations that are produced at the surface of the sample _ Othe r important factors whic h must be considered are : homogeneity and stability of the sample , radiation scatter inside the sample, interfe re nce phenome na, stray radiation , polarization , fluores ce nce, te mperature , partic ulate matte r , and surface conditions. Since transmittance measurements de pe nd on a dive rsity of factors, me aningful values can be obtained only by defining the experime ntal conditions for obtaining transmittance data [1 , 2J2 Spectrophotomete rs are used to pe rform two types of measure me nts :
(1) Quantitative determination of chemical species using the relation betwee n optical transmission of the material, and the concentration as a measuring paramete r. Under these circumstances, the photometric scale 1: Figures in brackets indicate the literature refere nces at the end of thi s paper.
of the spectrophotometer is calibrated in meaningful units, using a series of reference solutions having known concentrations of the species to be determined, rather than values of optical transmittance.
The accuracy of the measurements is related solely to the accuracy with which the concentration of the reference solutions is known and to the precision (sta· bility, sensitivity, reproducibility) of the spectrophoto· metric method and instrument used. The accuracy of the photometric scale per se, is not a critical factor in such measurements.
The precision, stability, and reproducibility of the instrument can be checked before each series of meas· urements by careful use of solid or liquid reference filters having well established transmittance values.
(2) Determmation of the optical transmission char· acteristics of solid or liquid materials, and the determi· nation of molar absorptivities of chemical compounds.
In both cases the accuracy of the photometric scale of the measuring instrument, among other things, is essential to provide true values. Ways to establish and check this important parameter are criticall y needed.
Since conventional spectrophotometers do not pro· vide means to check photometric accuracy or to evaluate the possible sources of systematic errors, it was decided in 1969 to design and construct are· search spectrophotometer on which transmittance measurements could .be performed with well defined accuracy. Such an instrument would be used to determine optical transmittance of selected solids and liquids at various wavelengths. These materials can be used as standard reference materials (SRM's) to check the accuracy of the photometric scale of conventional spectrophotometers. The same certified SRM's could likewise be used to monitor the precision, stability, and reproducibility of those instruments [3, 4] .
After a comprehensive examination of the literature in this field [5 to 34] arranged in chronological order, an instrument was developed which is similar in principle to the instrument at the National Physical Laboratory (NPL), Teddington, England, where a long tradition of high accuracy spectrophotometry exists. The instrument described in this work performs' measurements of radiant energy in the visible and ultraviolet region of the spectrum, with well established and high photometric accuracy. Transmittance measurements on solids and liquids can be made with this instrument using collimated as well as noncollimated beam geometry. The wavelength accuracy and spectral bandpass achievable are adequate to avoid degradation of photometric accuracy, and the other interferences mentioned have been given careful consideration, and, in most cases, have been assessed quantitatively.
The transmittance measurements on the optically neutral glass filters discussed in this work have been made with a non collimated beam geometry corresponding to an aperture of about f: 10. The image of the exit slit of the monochromator (8 mm x 0.5 mm) was produced at the center of the entrance face of the filter. All measurements have been made against air for the nonattenuated radiation flux, and no correction for reflection losses was made. Transmittance measurements made with non collimated radiation by projecting the image of the exit slit of the monochromator on the entrance face of the sample using an opening of f: 10 (total angle of about 7° or 8°), may differ by several parts in 10 4 of the value when compared with similar measurements made with collimated radiations, as indicated in this Journal by K. Mielenz. Noncollimated beam geometry was applied in this work to approach the measuring conditions used in most of the conventional spectrophotometers which are available today. A brief description of this instrument was given earlier in reference [3] .
II. Description of the Instrument 3
The high accuracy spectrophotometer, completed and tested in 1970, is a single beam instrument which contains the following components: (a) a constant radiation source, (b) a monochromator, (c) a sample holder , (d) a system to check the accuracy of the photometric measurements, (e) an integrating sphere attached to a photomultiplier-digital voltmeter unit , and (f) the data presentation system. Figure 1 illustrates schematically the arrangement of these various components. A circular neutral wedge is placed after the light source to select various levels of radiation intensities required for measurements. A description of the components is pre sente d in the following sections.
a. The Radiation Source. Since the instrument is a single-beam type, it is essential that the radiation source be constant and homogeneous. Additional desirable conditions are: capability of monitoring the current supplied to the source _ aJ)P radiation similar to that from a Planckian radiator. The source is similar in design to that developed and used at NBS by H. J. Kostkowski and R. D. Lee of the Institute for Basic Standards. This source was duplicated in our instrument with the kind assistance of its de velopers.
The source IS used in the spectral range 360 nm to 800 nm and consists of a tungsten incandescent filament lamp with a tungsten ribbon 8 mm long by 2 mm wide. The connections to the lamp terminals are soldered to minimize contact problems (see fig. 6 ). The direct current required to operate this lamp at approximately 3000 K is 18 A across a 6 V drop; our source is operated at 5 V and 15 A. The d.c. power supply is capable of delivering 15 V and 50 A, and can be operated in constant current or constant voltage modes. To achieve the constant current mode an external sensing resistor of O.Hl and 50 A and a current control circuit are placed in series with the power supply. A feedback voltage across this resistor is connected to the sensing system. The character IstlC of this function is the ability to automatically change its output voltage to maintain a constant current to the load resistor, which , in our case, is the lamp source. The nominal current regulation obtained is better than 0.01 percent, and the stability over an 8 hour period, at constant load temperature, is better than 0.02 percent. The stability of the current delivered to the lamp is monitored with a high accuracy potentiometer used in conjunction with a null meter. This meter is sensitive to variations in the current supplied to the lamp from 1 part in 1000 to 1 part in 1,000,000 per division ( fig. 1 and fig. 14) . The po· tentiometer is connected to the current source across a resistor (0.010 and 100 A) placed in series with the lamp. The demagnified (2 to 1) image of the ribbon fila· ment is projected on the entrance slit of the pre· disperser by a fused quartz (nonfluorescent Si02) lens whose focal distance is 254 mm and diameter is 44 mm. This and the other lenses used in the optical system, were calculated by K. Mielenz of the Institute for Basic Standards at NBS. The lenses are mounted in carriers which permit orientation in any position. A circular neutral wedge is placed between the light source and the predisperser. This wedge, evaporated inconel on a fused quartz disc (150 mm diam), is linear in density and provides a light attenuation of 100 to l. The wedge is motor driven (1 rev. per s) to select proper radiation intensity levels as required by the measurements (figs. 2,3, and 4). The radiation source used for measurements in the ultraviolet region to 275 nm is a single coil tungsten-bromine incandescent lamp ( fig. 5 ) supplied by an adequate power source; below 275 nm, a deuterium discharge lamp is contemplated.
III SlIlLi lUI
b. The Monochromator. The monochromator is a I-m ezerny-Turner type grating instrument with a dispersion of 0.8 nm/mm. The flat grating has 1200 grooves per mm covering a surface of 100 x 100 mm.
The monochromator is provided with a predispersing attachment to reduce the stray light ( fig. 3 ). This pre-FIGURE 2. General views of the spectrophotometer. Rear: optical bench carrying the tungsten· halogen radiation source used for checking the alignment of optical components, followed by a quartz lens, the circular quartz neutral wedge, and a flat mirror. Left: the l·m Czerny-Turner grating monochromator (the predisperser is not illustrated here). Front: optical bench carrying a quartz lens, the single·sample and blank carriage, a second quartz lens, and the integrating sphere with the photomultiplier housing. FIGURE 3. Close view of the tungsten ribbon filament lamp on its adjustab le holder, followed by the quartz lens -circular neutral wedge assembly, and by the flat mirror in its adjustable holder. The 30° quartz prism Littrow-type predisperser is located at the entrance slit of the l·m grating monochromator. Extreme left: neon gas laser used to check the optical alignment, and mercury discharge lamp for wavelength calibration. When in use, the tungsten ribbon lamp is surrounded by an enclosure with black walls (50 em x 50 em x 70 em high). Rear: enclosure containing the optical units illustrated in figure 2.
disperser is a small quartz prism monochromator connected to the scanni ng system of the I-m instrument. A wavelength counter permits readings to 0.1 nm and the scanning speed can be varied from 0.05 nm to 200 nm/min by a 12 speed synchronous electric motor.
The optical components are placed on precision lathe bed type optical benches which are 160 and 120 cm long, and are equipped with appropriate carriers provided with x-y-z adjustments.
c. Sample Larrying Systems. The spectrophotometer is provided with two sample carrying systems. One system measures one sample and its blank, while the other system permits sequential measurements for seven samples and eight reference reading positions against air, and can be operated manually or automatically through a computer interfaced with the instrument.
The single sample carrying unit consists of a platform provided with two vertical holders which can accept lin (14 mm) rods and a variety of sample supports ( fig. 2 ). These holders can be moved laterally through a rack and pinion arrangement. The platform is mounted on 4 ball bushings which ride on two horizontal rods and can be moved pneumatically across the optical axis. The pneumatic operation was and is located between the two quartz lenses. The sample holder is designed to accept conventional solid or liquid filter holders which fit most spectrophotometers. These holders are provided with a thermostating jacket, and can be rotated in the horizontal plane through a 10 em diameter rotating table.
A filter holder which permits the rotation and scanning of the sample in the x-y direction is also available ( fig. 7) . It is provided with micrometer screws having a total linear motion of 25 mm with 0.01 mm pe r division. The seven-sample carrying unit is illustrated in figures 8 and 9 and consists of a semicircular aluminum-alloy plate placed horizontally on an appropriate carrier on the optical bench along the optical axis. This plate, which is 32 cm in diameter and 2.5 cm thick , can be rotated clockwise through a pneumatically operated precision ratchet system in increments of 12°. The stepwise rotation utilizes a solenoid valve which is operated electrically by a switch located outside the enclosure. This switch can be operated manually or automatically by computer ( fig. 14) . The semicircular plate carries seven sample holders similar to those used for the single sample system described earlier. The holders are placed at 24° intervals and are separated by blank spacings. About 1 atm of air press ure is used to operate the plate and the rotation is set at 2 s per 12° step when the auto· matic computer operating mode is used.
d. System to Check the Accuracy of the Photometric Reading. Since the high accuracy spectrophotometer is single beam, accurate photo· metric data are obtained when there is a lin ear relation between the measured radiation flux and the corre· sponding response of the photode tector.
Linearity of photo detectors can be meas ured by several means: the inverse square law [7, IS] ; the use of optical elements having a known transmittance which can be determined by other means [17] and the light addition principle of Elster and Geitel using a plurality of light sources [S, 6, 8, 9, 10, 13, 18, 19,20,28,31,33, 34] or multiple apertures [11, 12, 14, 16,21,23, 2S, 26, 27, 30] . A novel approach to the problem of accurate 409 FIGURE 6. The tungsten ribbon filament lamp in th e newly designed adjustable holde r. The platform which carri es the lamp is similar to that describ ed in figure 5 and can be oriented in the horizontal plane throu gh the six screws spaced around the edges of the platform at 60" intervals. Three screws push the platform while the other three pull. The curre nt·s upplyin g wires are soldered directly to the lamp ter minals to eliminate contact problems. photometric measureme nts was described by O. C.
Jones and F. J. J. Clarke [24, 29] and by F. Desvignes and J. Ohnet [32] . A critical disc ussion of some aspects of accurate spectrophotometry will be found in an NBS manu script by Gibson and associates [22] . The radiation addition principle, using two apertures with one source of radiation, was chosen for our work. The aperture method for checking the linearity of photometric data was in use at the National Physical Laboratory from about 1930 onwards, and one form of it was described by Preston and Cuckow [11] in conjunc· tion with a single beam spectrophotometer, using a five aperture screen. One year later, Buchmiiller and Konig [12] described and used a two aperture unit. At NBS , Barbrow [14] used a 10 aperture arrangement, while Hardin g [16] and Cordle and Habel! [2S] at NPL described a two aperture system. Multiapertures were used by Hoppmann [21] , Bischoff [23] , Sanders [26] and Nonaka and Kashima [27] . Finally, Clarke r30] FIGURE 7. Same as figure 2 except tor the sample holder which in this case is capable of rotating the sample 360" and to displace it in the x-y direction through the micrometer screws. discussed in detail the use of a two aperture system to check the accuracy of photometri(; data obtained on the spectrophotometer at NPL. It is this two aperture system which is used at NBS. The two aperture unit consists of a metal plate (130 mm by 100 mm) containing two rectangular FIGURE 9. Same as figure 8. The pneumatic cylinder which rotates the ci rcular platform through a ratchet mechanism is visible at the rear of the platform. The integrating sphere with its pneumatic shutter is seen at right. 
If this is not the case, the system shows nonlinearity which is proportional to the amount by which the sum of (A) + (B) differs from (A + lJ). This difference is then used to correct the transmittance values measured on the solid or liquid filters. e . Integrating Sphere and Photomultiplier Arrangement. The radiations emitted from the exit slit of the monochromator and passing through the aperture or the filter are received on the target of the integrating sphere. This sphere is illustrated in figures 2, 7, 9, and 10. A block of aluminum made from identical halves was cut to produce a half sphere in each block. The halves were joined together to form a hollow sphere. Its diameter is 125 mm and a target, made from a circular plate, 35 mm in diameter, is located at the center of the sphere. The front surface of the sphere has a 20 mm diameter opening. This opening can be closed by a shutter which is operated remotely by a pneumatic system. A 50 mm diameter opening is at the opposite end to which the housing of the photomultiplier is attached by an "0" ring to provide a light-tight joint. The inside of the sphere is coated using a suspension of BaS04; the outside is painted black. Under these circumstances the sensitive surface of the photodetector receives the radiations originating from the exit slit of the monochromator only after these radiations have undergone at least two diffuse reflections.
The photomultiplier is a 50 mm flat-faced, silica end window tube with a 44 mm cathode and 11 venetian blind dynodes having CsSb secondary emitting surfaces. The cathode is an S-20 or tri-alkali type. The spectral range of this tube is from below 200.0 nm to 850.0 nm. The operating voltage used is 850 V. The photomultiplier output is supplied to a current-tovoltage converter consisting of an operational ampli, fier with high precision feedback resistors with values of 10 6 , 3 X 10 6 , 10 7 , 3 X 10 7 , and 10 8 0. Dark current compensation is also available. This electronic system, described in figure 13 was designed and assembled by K. W. Yee of the NBS Electronic Instrumentation Section. The output from the currentto-voltage unit is connected to a digital voltmeter, illustrated in figure 14 , with one microvolt resolution on the 1 V full scale range. The optical components located after the exit slit of the monochromator, including the photomultiplier tube , are enclosed in a light-tight box 200 cm lon g, 70 cm wide and 76 cm deep ( fig. 3 ). The removable front panel is provided with a sliding door to permit rapid access to the filter ·holder syste m. The box contains outlets for the compressed air whic h operates the apertures, sample carriage and integrating sphere shutter, and for the electrical connection from the photomultiplie r. The inside walls are lined with thermal insulation painted black. When in use , all non black metal parts are covered with a black cloth to reduce stray light. The entire equipment is placed on a vibration isolation table 3.66 m by 1.52 m. The optical benches and the monochromator are secured by stops whi ch are attached to the table surface. The alignment of the optical parts is made and checked periodi· cally with a low· power laser shown in figure 3 (CW gas laser, output power 2 m W, A 6328 A) and with a high intensity tungsten-halogen lamp shown in figure 5.
f. Data Collection and Presentation Systems.
The data output from the digital voltmeter (DVM), correspondin g to the c urre nt generated at the photo· multiplier tube by the radiations passing through the aperture syste m (A , B , A + B) or the sam ples (I) and blanks (10) , can be obtained by visual means or computer operation. Both methods have been used in this work with good results. In the visual mode, the operator examines the digital voltmeter display and takes a me ntal average of the data. The display rate is adjusted to about one reading per second.
When meas urements are taken by co mputer, the display of the digital voltmeter is adjusted to a faste r rate; for instance, 10 to 20 data per second, depending on the capabilities of the instrument and measurement requirements. In our work, we use 10 data per second and collect 50 individual data for eac h measurement. This information is fed to the co mputer which calcu· lates and print s the results as averages with the cor· responding standard deviation , relative standard F I GURE 14. Console co ntamm g the power s upply for the photomultipU e r tube, th e dc null de tector, the curre nt -to-vo lt age converte r, th e di gi tal voltme te r, the com man d panel for co mpute r ope rati on, and th e comma nd pa ne l for the pne um ati c operati on of the shutte r, aperture syste m, and sin gle sa mple carri age. The electri c switc hes for ope ratin g th e circ ul ar ne ut ral we dge a re also located on this panel. Middle right: pote nti omete r for monitorin g the de curre nt supplied to the tun gste n ribb on filam e nt la mp.
At bottom left : teletype for data prese ntati on. Right: Ught panel whi c h indi cates th e position of the automati c seven sam pIe holde r. deviation, and sample position numbe r to ide ntify the measurement. When transmittan ce measure me nts are made on individual samples or when linearity c hecks are performed, the readings are initiated man ually for every position. Whe n the seve n sample holder is used for sequential measure ments, the operation is performed automatically by the computer. It is programm ed to take a predetermined number of individual DVM readings (50), print the arithmetic average, followed by the standard de viation, relative standard deviation , percent transmitta nce and sample position ( fig. 15 ). At the conclusion of each measure ment, the computer initiate s a signal which rotates the holder to the next position. This is follow ed by the data taking and sample changing sequence until the measurements are stopped manually or automatically by a provision made in the computer program. CALIBHATION The progra mming of the e ntire computer opera ti on was developed by J. Aronson, R. Free mire, and J. 
III. Stability of the Electronic System
As a rul e, before ta king measure me nts with the spectrophotome ter, a warmup period of one hour is require d. The room te mpera ture is ke pt at 24 ± 1°C, and the relative humidity is 35 percent. The partic ulate matter is controlled through s pecial filte rs whic h rates the room in the 100 ,000 class.
The dark c urre nt of the photomultiplier tube was measured by taking 15 re pli cations e ach consisting of the average of 50 individual di gital voltmeter readings. These meas ure me nts we re made using 850 V at the anode. The average dark c urre nt under these circ umstances produ ced 0.000682 V with a relative standard deviation of 0.71 percent.
In all of our work , a dark current buck-out arrangement was used. A series of measurements were perform ed to determine the stabili ty of this dark current compensation. To this effect, 15 consecutive measurements, each representing the average of 50 indi-
Four tests were made to determine the stability of the electronic system and the radiation source using the computer data acquisition mode.
a. Stability of the Current-to-Voltage Converter. A constant voltage was supplied to the con· verter using the dark current compensation provided on the unit. Fifty individual measurements were taken every 5 seconds and the average value was printed along with its percent standard deviation. The meas· urements were then repeated 15 times and an average c. Stability of the Current-to-Voltage Converter and the Photomultiplier Tube Supplied with 850 V and Exposed to the Radiation of a Tritium Activated Fluorescence Source. A con· stant radiation source consisting of a tritium activated phosphor was placed before the integrating sphere and a series of measurements were taken following the technique described above. Table 3 shows the results. Lamp. The same measuring procedure as mentioned in a, b, and c was used here. In this case, however, the incandescent tungsten lamp was used as the source of radiation. Table 4 summarizes the results of four groups of measurements over a period of 20 min. This last series of measurements indicate that the single-beam spectrophotometer is capable of producing measurements of radiation fluxes with a percent standard deviation of about 0.0225 for single measurements with 2.00 V at the photomultiplier tube anode. In these measurements the stability of the direct c urrent (nominal 5 V; 14 A) supplied to the tungs te n ribbon lamp was monitored with the potentiometer, and the variation of thi s current was less than one part in 10 5 during a series of IS consecutive meas· ure ments (5 min).
Following the four stability tests discussed earlier, a consecutive series of six measurements were made to de te rmine the re producibility of trans mittance measurements. To this effect seven Schott NG-4 neutral glass filters were placed in the automatic sample carrying system and the data acquisition and sample changing ope rations were performed auto· matically through the computer unit. As me ntioned previously, the sample carrying system can acce pt seven samples in positions 2; 4; 6; 8; 10; 12; 14, and eight intermediate positions 1; 3; 5; 7; 9; 11 ; 13; 15. The odd numbers correspond to meas ure ments of the nonattenuated radiation beam passin g through air and are marked 10 , while the even numbe rs cor· respond to measurements of the attenuated radiations afte r passing through the absorbing material and are marked I. The uncorrected transmittan ce, T, is the n
T=L 10
The radiation flux from the tungste n ribbon filament lamp was attenuated with the circular ne utral wedge -------2 2 2 until the seven glass filters were measured. This sequence was repeated six times and the results are given in table 5.
As can be seen from these data, the reproducibility of sequential transmittance measurements can be performed with an average standard deviation of 0.010 percent for a single determination.
IV. Wavelength Calibration
The wavele ngth scale of the monoc hromator is provided with a counter which indicates wavelength directly in angstroms. This counter is checked for are needed, a Cd-Hg or a He-discharge lamp could be used for calibration. The wavelength counter was then checked using the procedure re commended by Gibson [2] , and a slit of 0.1 mm which is equivalent to an effective spectral bandpass of 0.08 nm. The deviation of the wavelength counter from the true value was found to be less than ± 0.1 nm; hence no wavelength correction was applied to the measurements discussed here.
V. Stray Radiation
Tests were made to determine the stray radiant energy (SRE) in the monochromator proper, as well as in the photometric arrangement. The measurement of stray radiation in the monochromator, that is, the radiation energy at wavelengths different from those of the nominal spectral bandpass transmitted through the instrument, is not easy or infallible. A detailed discussion of this instrumental parameter was given in an ASTM Tentative Method [35] and the proThird group cedure reco mmended in this work was used to determine SRE in the blue and yellow spectral range. In'this procedure, a solution of methylene blue, which has a strong absorption in the range from A 600 to 660 nm is used. The SRE using a slit of 1 mm (0.8 nm) was equal to or less than five parts in 10 5 • The SRE generated inside the photometric system is defined as the radiant energy which falls on the photosensitive detector without passing through the absorbing sample. This SRE is usually produced by reflections and scattering of radiations on the optical and me chanical parts located between the exit slit of the monochromator and the integrating sphere. The measurements were performed using a slit of 1 mm by placing a front surface mirror at the sample position, which reflects to the instrument all radiations received from the exit slit imaged at the mirror surface. The size of this image was about 8 mm high and 1 mm wide. In this way, a maximum SRE was generated in the spectrophotometer. The measurements were then performed at A 577.3 nm, using a radiation flux intensity five time s greater than that used in routine transmittance measurements, by determining the dark current of the photomultiplier with the shutter in the closed position at the integration sphere. An average dark current of 0.040 m V was observed. The mirror was then placed at the sample position, the shutter 
VI. Linearity Control
was opened and measurements were made again. The average value found was 0.037 mY. This indicated that no SRE could be detected under the experimental circumstances.
The single-beam static optical system described in this work permits the unequivocal use of the radiation addition principle by means of the double-aperture method for determining departure from linearity of the entire optical, photometric, and electronic system, and thus of the photometric accuracy of transmittance measurements.
-' The double-aperture and its positioning on the optical bench was described earlier. Its use will now be illustrated, and follows the procedure developed and used at the National Physical Laboratory.
Since the linearity of photometric data for a given photomultiplier tube depends on the anode voltage , the values at the current-to-voltage converter, and the ambient temperature , all measurements were made using identical experimental conditions. These same conditions were maintained when transmittance measurements were performed. Since the linearity is, within 1 part in 1()4, not usually a function of wavelength [36] , all measurements were performed at A 565.0 nm. A recent study of this parameter at NBS by Mielenz and Eckerle indicates that there may be a relation between wavelength and linearity at the level of 1 part in 1 (» [38] .
The intensity of the radiation flux produced by the tungsten ribbon lamp was attenuated with the circular neutral wedge until a photocurrent equivalent to Identical measurements were made over a range of attenuation corresponding to 4 cascaded steps of 2 to 1 as illustrated in the actual example which follows:
Step 1 Av. Diff. % Corr.
Step 2
Av.
Difr. % Corr.
Step Step 4 The correction curve is established from these data by plotting voltages on the abscissa and the corresponding additive correction value on the ordinate. 'These are tabulated below and illustrated in figure 16 . When transmittance measurements are performed, the 10 reading is initially set with the circular neutral wedge to a value near 2.0020 V. The 1 value is then measured. If the initial 10=2.00214 V and final 10=2.00228 V and 1=0.54220 V, then percent Tis: 0.54220 2.00214 + 2.00228 X 100= 27.081 2 which is the noncorrected value. To correct this value, one takes from the ordinate of figure 16 the value corresponding to 0.54220 on the abscissa which, in this case, is 0.072. The corrected percent T value is then:
Av
27.081-(27.081 X 0.072) = 27.061. 100
Mielenz (38) .
VII. Sample Position
A series of me asurements were performed to determine the magnitude of error which could occur when the sample is oriented with its entrance face at an angle to the incoming radiation beam. The single , ample holder provided with the rotating table, as described in section II, paragraph c, was used. Transmittance measurements were performed by producing the image of the exit slit of the monochromator at the entrance face of the sample (aperture f:1O). The data are shown in table 6. The consequence of this condition on transmittance measurements is discussed by Mielenz in this Journal. Similar measurements were made to determine the identity of positions on the seven·sample automatic changer described in section II, paragraph c. For this experiment, seven neutral glass filters A; B; C; D; E; F; and G were used and were positioned in holders 2; 4; 6; 8; 10; 12; and 14 in three different arrangements as described by Garfinkel, Mann and y ouden [39] . Transmittance measure ments were then performed on all filters for the three different arrangements and the results are given in table 7. From these data it can be concluded that the seven stati ons are interchange· able and will produce measurements which will not differ by more than one part in one thousand.
VIII. Influence of Polarized Radiations on Transmittance Measurements
This effect was determined by measuring the trans· mittance of a Schott NG-4 neutral glass filter at four wavelengths using radiations emerging from the pre· disperser·monochromator unit , and by proj ecting the image of the exit slit (8 by 0.5 mm) at the entrance face of the filter with a convergent beam geometry corresponding to an f: 10 opening. The glass filter was checked prior to measurements with a polariscope for freedom of internal tensions. Column one of table 8 shows the r es ults obtained when transmittance meas· ure ments were made using the radiations produced by the spectrophotometer. Column two shows the results obtained when a polarizing sheet, with the vibration plane horizontal, was placed in front of the glass filte r. The measurements obtained with the vibration plane in vertical position, are given in column three. These measurements show that polarized radiations ~an affect transmittance meas urements of solid glass filters when noncollimated beam geometry is used. This effect is predicted by the Fresnel equations mentioned in the introduction and should disappear when collimated radiations are used (1, pg. 100).
XI. Comparison of Transmittance Measurements
Two sets of solid filters were used in a comparative test to determine the reproducibility of transmittance measurements between two laboratories. One set was made from three neutral glass Schott NG-4 filters hav· ing nominal percent transmittances of 10; 20; and 30. The second set was made as described elsewhere [4] . Three evaporated metal (Inconel) on fused quartz (nonfluorescent) plates having nominal pe rcent transmittances of 25; 50; and 75 we re used. The tran smittan ce meas ureme nts were performed on two sets of filters a t the National Physical Laboratory (NPL) in England using their high accuracy s p ec trophotometer, and at NBS on the in s trum e nt described in thi s paper. Tile measureme nts at NBS we re carried out before and after the meas ure me nts at NPL. All meas ure me nts were made with noncollimated c' onvergent beam geometry. A rectangular surface of the filte r about 3 mm by 8 mm was used a t NPL and the beam was only slightly conve rgent. At NBS an area about 8 mm by 0.5 mm was used for the transmittance measure ments.
The results give n in performed on th e in conel-on-qu a rtz filters, as shown in ta ble 10.
x. Standard Reference Materials for Spectrophotometry
The nee d for providing means and materials t( c hec k the prope r functioning of a spec trophotom e te r was discussed in some detail in previous publication s [3 , 4] . At that time it was es tabli s hed that the accuracy of the photometric scale is a critical and most de manding parame te r in spectrophotome try. Hence, particular attention was give n to a numbe r of ways fot c hec king this parameter. Investigations showed that solid colored glass filte rs, exhibiting optical ne utrality over the s pectral range from 400.0 nm to 700.0 nm , would constitute an acceptable Standard Refere nce Material (SRM). From the various colored glass *This filter had a Raw in the form of a crack whi ch was so metimes vi sible and oth er times invisible. The larger differences found in the meas ure me nts of thi s filter may be due to thi s Raw . SRM 930, de veloped in th e Analytical C he mistry Division and available sin ce March 1971 consis ts of three glass filt e rs. Eac h filt er bears an ide ntification number , and th e uppe r left co rner has bee n re moved to indic ate co rrect orie ntation in th e metal holde r ( fig. 17) .
The transmittance meas ure me nts we re made with the high accuracy spectrophotometer described in this paper, and are certified with an uncertainty of ± 0.5 p erce nt of the valu e. This un certainty is the sum of the random e rrors of ± 0.1 percent (2SD limit) and of estimated biases whi c h are ± 0.4 percent. Th ese biases are due to possible syste matic errors ongll1ating prin cipally from th e inh ere nt inhomogeneity and instability of th e glass as well as from positionin g of th e filter. Meas urements were made at 24°C, and variations within several degrees Celsius of this te mperature will not significantly affec t the calibration of the filte rs. The neutral NG -4 glass for th e filters was provided by Schott of Mainz, Germany and is designated as "lena Colored and Filte r Glass." Nominal transmittance for a filt er 1.5 mm thick is 20 percent at 400.0 nm wavele ngth and 32 percent at 700.0 nm wavelength. Betwee n these limits the transmittance varies in a monotonic manner.
The filter is held in a frame and the size and shape of the filters and frames were selected , for practical i considerations, to conform to the dim e nsions of the standardized cuvettes for whic h holders are supplied in most conventional spectrophotometers. The filters are approximately 1.0, 1.5, and 2.0 mm thic k. Corresponding to these thi ckn esses are nominal transmittances of 30, 20, and 10 percent, respectively. These thicknesses were selected to provide a means for calibratin g the photometric scale at three differ ent levels.
The effective spectral bandpasses used to determine the certified values were equal to or smaller than 2.2 nm at 440.0 nm; 2.7 nm at 465.0 nm; 5.4 nm at 590.0 nm; and 6_0 nm at 635.0 nm. The transmittan ce measurements are made by produ cin g the image of the slit (about 8 mm by 0.5 mm) using a convergent beam geome try with an opening of f:l0 corres pondin g to an angle of 7° to 8° in the middle of the entran ce face of the filter. This bea m geo me try was used to re produce the average expe rimental con ditions found in most of the conventional spectrophotometers available today. Prior to the certification, each filter is examined for surface defects and thoroughly cleaned_ If, through handling, the surface of the filter becomes contaminated, it may be cleaned with a small soft brush attached to a rubber tube connected to a vac uum so urce [40] . If contamination results from fin gerprints, they must be re mov ed before making measure ments. This may be accomplished by re moving the filter from its holder, breathing lightly on it, and rubbin g the surface gently with optical lens tissue _ The clean filter is then properly positioned in its holder. To remove and replace th e filter in the holder, the spring-loaded plate should be lifted with car e to prevent damage to the filter. As little handling as possible is reco mmended. SRM 930 should be used according to the directions on the certificate; consult the manufacturer of the instrument if differe nces are obtained that exceed thos e specified by th e manufacturer.
Under no circumstances should other cleaning procedures whic h make use of detergent solutions, organic solvents, etc. be applied.
When a filter has become contaminated beyond cleaning by the procedure described in the certificate, it should be forwarded to NBS. After proper cleaning, the filters will be checked and, if needed, recalibrated using the high accuracy spectrophotometer described in this work.
It was already stated that the accuracy of photometric scales defines only one of the parameters required for obtaining accurate transmittance values and molar absorptivities. Other factors must also be established. These are wavelength accuracy, adequate spectral bandpass, stray light, cell parameters (when solutions are measured), fluorescence, polarization, reflection, and temperature coefficient. Some of these variables were discussed in NBS Technical Notes 544 and 584 and are also examined in this paper.
The transmittance data given in the certificate which accompanies each SRM 930 depend not only on the intrinsic properties of the glass and the experimental measurement conditions, but on the surface state of the glass. This parameter varies with time and exposure conditions. When glass is exposed to normal room atmosphere and temperature, its surface is corroded to an extent depending on the composition, time of exposure, concentration, temperature and nature of the glass surface acting agents. This action produces a change in the reflecting and transmitting properties of the material [41] . For instance, a well-known phenomenon called "blooming" of the glass is due to the formation of an SiO layer at the surface of the glass. This layer, which increases the transmittance, acts as an antireflection coating. The speed with which such a layer is formed varies with the composition of the glass, the atmosphere and time. Generally speaking, several years are needed for a fresh surface to reach equilibrium. This, and similar phenomena are presently being studie d, along with means to stabilize the surface state of glass filters. Until more information is acquired in this field , we recommend that the colored glass filters issued as SRM 930 be rechecked annually to de termine whether any physicochemical changes, which might affect the transmittance values, have oc curred.
Another important factor is the need for defining and producing a clean glass surface. Until now the final cleaning of the NG--4 filters was made with redistilled ethyl alcohol and pure water (thermally distilled and deionized). Other cleaning procedures are under consideration. The use of isopropyl alcohol in vapor or liquid form associated with mild ultrasonic action is being investigated [41] .
The transmittance characteristics of the SRM 930 limit the use of this material to the visible region of the spectrum from about 400 nm to the near infrared. Since the ultraviolet region, from about 200 nm is also important to the analyst who uses spectrophotometric methods, exploratory work is underway to select and certify solid material for checking the photometric scale in this spectral region. Optical filters exhibiting small transmittance-wavelength dependence in the spectral range 200 nm to near infrared can be obtained 'by evaporating thin semitransparent layer of a metal on a suitable transparent substrate [42, 4] , and such filters have been considered in this work. The metals selected were inconel and chromium which exhibit adequate transmission characteristics and good adhesion to the substrate. The substrate was nonfluorescent fused quartz. A series of filters were prepared by the optical shop at NBS according to the following specifications: a number of non fluorescent optical quality fused quartz plates, 10 mm X 25 mm and 1 mm thick, were cut and polished, Inconel or chromium metal was evaporated on the surface to produce nominal transmittances of 25, 50, and 75 percent. The surface bearing the evaporated metal was coated with a layer of optical cement which was transparent to the visible and ultraviolet radiations down to 230 nm. A clear plate of the same material was used to cover and protect the evaporated metal layer.
The filter assembly was then marked at one corner to insure its proper positioning and the finished filter was placed in a metal holder of conventional size (approximate o.d. 13 x 13 x 57 mm) fitting the cuvette holder found in most spectrophotometers. The metal holder was also marked at one side to permit positioning of the filter in a reproducible manner.
In addition to the evaporated metal filters, a number of units were prepared using only the clear uncoated fused quartz plates and assembled with the same optical cement. When desired, these clear filter assemblies could be used as reference samples 10 the blank compartment.
Before submitting the evaporated metal filters to transmittance measurements, a study was made of the effect of radiations on their transmittances. A filter was exposed to an accelerated test in which radiations had the same spectral distribution as the fluorescent lighting of the laboratory, except that they were 1000 times more intense. The filter was exposed for an equivalent of 36,000 hours of continuous irradiation. This test was made on a radiation accelerator made available by the Building Research Division of NBS. The percent transmittance was measured before and after the exposure and gave the following results: The relative standard deviation for a single deter· mination of these measurements was 0.01 percent. As can be seen , the only significant relative change in transmittance of about 0.84 percent of the value occurred at 250 nm.
Several sets of these filters were calibrated at five selected wavelengths, 250 nm; 350 nm; 450 nm; 550 nm; and 650 nm, using the cleaning and measuring procedures outlined for Schott NG-4 colored glass neutral filters. The results indicated that the reproducibility of transmittance measurements is good (percent standard deviation 0.009 to 0.024) and is comparable to those obtained for the colored glass filters at all wavelengths except 250 nm. From the experimental data, it is evident that the transmittance of the evaporated metal filter at 250 nm is critical and, at present, no satisfactory explanation for this phenomenon can be given. A limitation of the evaporated metal filters is that they attenuate the intensity of radiation by reflecting a part of it, rather than abo sorbing. This can produce, in certain circumstances, undesirable stray light in the instrument and make the transmission measurements dependent on the geom· etry of the optical beam. However, since these filters are closer to optical neutrality than the colored glass filters, and since they can be used in the ultraviolet region as well, they were included in this work.
This limitation was apparent from the data ob· tained in a cooperative study conducted at C. Zeiss by A. Reule using conventional spectrophotometers. On the other hand, a similar comparative test, made on the same filters by F. J. J. Clarke at NPL has produced the results presented in table 10. One can observe that, in spite of the limitations mentioned above, an agreement within -0.30 percent of the value was obtained between NBS and NPL measure· ments at the indicated wavelength.
Further studies will be needed to assess unambigu· ously the transmittance characteristics of evaporated metal·on·quartz filters, with or without a protective quartz plate, and to assess their suitability as Standard Reference Materials to check the photometric scale of spectrophotometers in the ultraviolet and visible part of the spectrum.
